Colony-stimulating factor-1 (CSF-1) is essential for macrophage growth, differentiation and survival. Myeloid cells expressing a CSF-1 receptor mutant (DKI) show markedly impaired CSF-1-mediated proliferation and survival, accompanied by absent signal transducers and activators of transcription 3 (Stat3) phosphorylation and reduced PI3-kinase/Akt activity. Restoring phosphatidylinositol 3-kinase (PI3-kinase) but not Stat3 signals reverses the mitogenic defect. CSF-1-induced proliferation and survival are sensitive to glycolytic inhibitors, 2-deoxyglucose and 3-bromopyruvate. Consistent with a critical role for PI3-kinase-regulated glycolysis, DKI cells reconstituted with active PI3-kinase or Akt are hypersensitive to these inhibitors. CSF-1 upregulates hexokinase II (HKII) expression through PI3-kinase, and PI3-kinase transcriptionally activates the HKII promoter. Moreover, HKII overexpression partially restores mitogenicity. In contrast, Bcl-x L expression does not enhance long-term proliferation, although short-term cell death is suppressed in a glycolysis-independent manner. This study identifies robust PI3-kinase activation as essential for optimal CSF-1-mediated mitogenesis in myeloid cells, in part through regulation of HKII and support of glycolysis.
Introduction
The development of hematopoietic progenitor cells is controlled by lineage-specific colony-stimulating factors, which promote functional activation as well as proliferation and survival, counteracting intrinsic cell death programs. The colony-stimulating factor-1 (CSF-1) receptor (CSF-1R), a receptor tyrosine kinase, is expressed in monocytes, macrophages and their myeloid progenitors as well as osteoclasts, trophoblasts and microglia. 1 Mice lacking CSF-1 (Csf1 op / Csf1 op ) or CSF-1R exhibit abnormalities in innate immunity, bone remodeling, male and female fertility and mammary ductal morphogenesis, reflecting the pleiotropic nature of mononuclear phagocytes. They are severely deficient in hematopoietic stem cells and myeloid progenitors. Because of CSF-1's importance in innate immunity, it is advocated as adjunct therapy in severe infections. 2 Recently, a CSF-1R kinase inhibitor has been developed to target macrophages in disease states such as arthritis, osteoporosis and cancer. 3 For these reasons, it is essential to understand how CSF-1 supports the proliferation and survival of myeloid lineage cells.
Upon binding, CSF-1 induces CSF-1R tyrosine phosphorylation, leading to the activation of Ras/Erk 4 and Class I A phosphatidylinositol 3-kinase (PI3-kinase) 5 and to the formation of DNA-binding complexes containing signal transducers and activators of transcription (Stat) 1,3,5. 6 The CSF-1R also recruits Src kinases via an autophosphorylation site in the juxtamembrane domain. 7, 8 The kinase insert (KI) region in the CSF-1R has binding sites for Grb2/Mona, Stat1 and PI3-kinase. 9 CSF-1-provoked Erk and PI3-kinase activities, however, are not exclusively dependent on these sites: when expressed in the 32D myeloid progenitor cell line, the DKI mutant lacking the KI can still activate Erk and PI3-kinase. It turns out that the DKI mutant uses an Src-Gab2 pathway to activate PI3-kinase and an Src-Shc-Grb2 pathway to stimulate Ras/Erk. 10 Much attention has been focused on PI3-kinase as a regulator of cell survival, growth and division owing to the observation that PTEN, a PI3-kinase phosphatase, is frequently mutated in human cancers. The beststudied downstream PI3-kinase effector is the Ser/Thr kinase Akt/PKB. Akt functions as a critical mediator of cell survival through inhibitory phosphorylations of proapoptotic molecules and activation of the NF-kB pathway. 11 Akt also promotes cell cycle progression and regulates cellular metabolism. For example, basal T-cell metabolism as well as CD28 activation involves an Akt-dependent increase in glycolysis. 12 Through an unknown mechanism, Akt is also required for maintaining the association of hexokinase (HK) with mitochondria. mediator of cell growth and survival as has been suggested by many studies using potent, myristoylated Akt (MyrAkt).
A potential role for PI3-kinase in mediating monocyte/ macrophage proliferation and survival has been suggested. 15, 16 In one study, 15 high doses of the PI3-kinase inhibitor, LY294002, were used to induce apoptosis in monocytes. At the concentrations used, LY294002 can inhibit PI3-kinases other than those belonging to Class I A as well as mTOR. Another study made use of bone marrow-derived macrophages (BMMs) from p85aÀ/À mice 16 and observed that CSF-1-mediated DNA synthesis was reduced in these cells. However, interpretation of these data is complicated by the fact that there are multiple PI3-kinase isoforms. Class 1 A PI3-kinases are composed of a regulatory subunit (p85a, p85b or p55g) and a catalytic subunit (p110a or p110b), 11 all of which are present in macrophages. 16, 17 Any of the regulatory subunits can heterodimerize with any of the catalytic subunits. Under normal conditions, regulatory subunits are in excess over catalytic subunits and exert negative effects on growth factor signaling. 18 Thus, while insulin-induced Akt activation is modestly decreased in p85aÀ/À cells, activation is increased in p85bÀ/À cells. 18 Additionally, a p85 mutant that cannot bind p110 can restore some of the missing functions of p85aÀ/À cells, indicating that p85a also signals through PI3-kinaseindependent pathways. Lastly, apoptosis was not induced by almost complete elimination of Akt1 and Akt2 in BMMs. 19 Based on the available literature, it is not clear how important Class I A PI3-kinases are for macrophage proliferation and survival.
To assess the role of individual pathways in CSF-1-dependent proliferation and survival, we generated mitogenically impaired CSF-1R mutants with defects in specific pathways followed by genetic complementation with downstream effectors. When expressed in myeloid cells, the DKI mutant was found to be deficient in CSF-1-mediated proliferation and survival, as well as Stat3 phosphorylation and PI3-kinase/Akt activity. PI3-kinase and not Stat3 was the critical CSF-1 target in mitogenesis. Although the modest level of PI3-kinase activity provoked by DKI contributed towards protection of cells from significant apoptosis, notably, robust PI3-kinase activity was needed to maintain adequate glycolysis and normal proliferation and survival, even in the face of many unperturbed pathways. Evidence is provided for the involvement of HKII, the first rate-limiting enzyme of glycolysis. Our studies identify the metabolic state as a major determinant of myeloid cell growth and survival even in the absence of significant apoptosis.
Results
A mutant CSF-1R lacking the KI (DKI) shows reduced CSF-1-dependent proliferation and survival
The DKI mutant 10 lacks binding sites in the KI for major CSF-1R effectors, Grb2, PI3-kinase and Stat1. Early studies found that a similar DKI mutant expressed in NIH 3T3 fibroblasts showed reduced proliferation. 5, 20 However, only in vitro receptor-associated PI3-kinase activity was examined, as neither Grb2 nor Stat1 was known at the time to bind to the CSF-1R and PI3-kinase targets have not been identified. Moreover, it is not clear if the same phenotype would be observed in a physiologically more relevant cell type. We addressed these questions using bone marrow-derived, IL-3-dependent 32D myeloid progenitors. These cells lack endogenous CSF-1R and when reconstituted with CSF-1R, recapitulate CSF-1-mediated signaling events observed in macrophages. 21 We examined the proliferation of 32D cell lines expressing equivalent numbers of transfected wild-type (WT) or DKI receptors. In the absence of cytokine, WT cells underwent cell death, and after 48 h, could not be rescued by cytokine re-addition (not shown). Although WT cells grew equally well in CSF-1 or IL-3, CSF-1 supported minimal longterm growth of DKI cells (Figure 1a ). When cellular metabolic activity was assayed by the MTS assay, maximal CSF-1-induced activity occurred at 1 nM for both WT and DKI cells, but peak activity was reduced in DKI by X60%, compared to WT cells (Figure 1b) .
To determine if the reduction in proliferation was owing to apoptosis, we measured DNA fragmentation by an ELISA assay. In WT cells, CSF-1 was almost as potent as IL-3 in suppressing DNA fragmentation induced by IL-3 withdrawal. In DKI cells, CSF-1 was less effective, but still able to reduce DNA fragmentation by almost 70%, compared to that observed in its absence (Figure 1c, left) . The presence of apoptosis was confirmed by Annexin V staining (Figure 1c , right), and by Hoechst staining and electron microscopy where nuclear condensation was observed (Supplemental Figure S1 ). Notably electron microscopy did not reveal evidence for necrosis or autophagy. In agreement with the data in Figure 1c , many of the DKI cells grown in CSF-1 appeared to have normal nuclear morphology. Mitochondrial dysfunction is associated with apoptosis and collapse of the mitochondrial transmembrane potential (DC m ) is an early sign of dysfunction. 22 Similar to the other data obtained, there was only a modest increase in the percent of DKI cells showing diminished DC m when grown in CSF-1 compared to IL-3 (Supplemental Figure S1c) .
The above results suggest that apoptosis alone may not entirely account for the DKI mitogenic defect. We next examined the role of cell cycle progression. Analysis of DNA content showed that in the presence of CSF-1, 25% of DKI cells were in the S þ G 2 /M phase compared to 36% of WT cells (Table 1a) . Additionally, BrdU uptake confirmed a 50% reduced capacity of DKI cells to synthesize DNA in response to CSF-1 (Table 1b ). These results demonstrate that the KI region in the CSF-1R is necessary for promoting maximal proliferation and protection against apoptosis in myeloid cells.
CSF-1-dependent mitogenesis requires both Erk and PI3-kinase but not Stat3
Although the Grb2 and PI3-kinase binding sites in the KI are missing in the DKI mutant, Erk and PI3-kinase are still activated via Src-dependent mechanisms. 10 The finding that DKI has a mitogenic defect prompted us to re-examine the role of Erk and PI3-kinase in CSF-1-induced mitogenesis. Previously, we showed that CSF-1-induced Akt activation is PI3-kinase-dependent in WT cells and can be used as a readout for PI3-kinase activity. 10 We also reported that CSF-1 could activate Akt in DKI cells, but did not quantify the difference, if any, in comparison to WT cells. Here, we demonstrate that the intensity of CSF-1-mediated Akt activation was reduced by two to five-fold in DKI cells when compared to WT cells over the entire course of induction (Figure 2a) . Thus, the Src-Gab2 pathway 10 is not sufficient to maximally activate PI3-kinase and direct p85 binding to the KI 4) . The difference in the CSF-1-treated S+G 2 /M populations between WT and DKI is significant (P ¼ 0.006) b Cells were processed as described in (a). BrdU was added during the last hour of incubation. Cells were then processed for double staining with anti-BrdU-FITC and 7-AAD (see Materials and Methods) and analyzed by flow cytometry. Bivariate analysis was performed with CellQuest software to discriminate between cell subsets based on total DNA and incorporated BrdU levels. Data for one out of two independent experiments are shown. Note that the staining procedure is likely to underestimate the fraction of cells with sub-G 1 DNA as the cells were permeabilized with a buffer containing saponin (BD Biosciences) is also required. Another major player in cell proliferation is mTOR whose targets, 4E-BP1 and p70 S6K , control translation. 14 Compared to WT cells, CSF-1-induced phosphorylation of p70 S6K and 4E-BP1 was largely preserved in DKI cells (Supplemental Figure S2a) . Additionally, we observed no significant difference between WT and DKI cells in CSF-1-stimulated Erk (Figure 2b ), JNK (Supplemental Figure S2b) or Rac activity (Supplemental Figure S2c) .
Chemical inhibitors were used to further examine the contribution of PI3-kinase and Erk to mitogenesis. We confirmed that the concentrations of the MEK inhibitor, PD98059 (PD), and the PI3-kinase inhibitor, LY294002 (LY), used in our experiments could completely prevent CSF-1-induced Erk and Akt activation, respectively (Figure 2c, top) . PD or LY treatment reduced CSF-1's ability to support MTS activity (Figure 2c , bottom) with LY exerting a more potent effect. Notably, a combination of PD and LY completely suppressed CSF-1-stimulated mitogenesis in both WT and DKI cells. Thus, PI3-kinase and, less so, Erk are essential for CSF-1-induced mitogenesis. As DKI cells showed a reduced ability to proliferate in CSF-1, and PI3-kinase but not Erk is suboptimally activated, the data suggest that the mitogenic defect is owing to decreased PI3-kinase activation.
CSF-1 stimulates the DNA-binding activity of Stats. 6 Stat tyrosine phosphorylation is required for dimerization, nuclear translocation and transcriptional activation. 23 In WT cells, CSF-1 stimulated the tyrosine phosphorylation of Stat1 minimally and that of Stat3 and Stat5 strongly (data not shown). Although Stat5 was equally phosphorylated in WT and DKI cells (Supplemental Figure S3a ), Stat3 phosphorylation was observed in WT but not DKI cells (Figure 2d , top). To rule out the possibility that absent Stat3 activation also contributed to the proliferative defect of DKI, a constitutively active Stat3, Stat3C, 24 was expressed from a bicistronic vector in DKI cells and mass populations analyzed. Full transcriptional activity of Stat3 requires phosphorylation at Tyr 705 and Ser 727. 23 Stat3C was dually phosphorylated in DKI/ Stat3C cells (Supplemental Figure S3b ), but Stat3C had only (Figure 2d , bottom). Thus, expressing an active Stat3 did not correct the DKI phenotype. In addition, Stat3C expression did not abrogate growth factor dependence and had no effect on IL-3-dependent growth, similar to what was previously reported for bone marrow cells. 25 A 'stabilized' PI3-kinase expressed in DKI cells is substantially able to restore CSF-1-dependent mitogenesis
To determine if the reduction in PI3-kinase activity is responsible for DKI's poor performance as a transducer of growth and survival signals, we stably expressed p110* in DKI cells. In p110*, the iSH2 domain of p85a is fused to the N-terminus of p110a, 26 thus stabilizing monomeric p110 against thermal denaturation at 371. 27 Its in vivo activity is much weaker than the membrane-localizing forms, 26 but is ideally suited for our purpose, which was to use p110* to augment PI3-kinase activity in DKI cells stimulated by CSF-1. Four independent DKI clones transfected with p110* were selected for further analysis. The p110* expression levels in these clones ranged from two-fold higher to 10-fold lower than endogenous p110 (Figure 3a ). p110* did not abrogate growth factor dependence (Figure 3b ), but in the presence of CSF-1, restored to a large degree, long-term mitogenesis to DKI, in a manner dependent on p110* levels. In DKI/p110* clones, Akt activation remained CSF-1 inducible, as measured by T308 and S473 phosphorylation; the effect of p110* was to enhance both the intensity and duration of CSF-1-mediated Akt phosphorylation without affecting Akt expression ( Figure 3c ). Consistent with the absence of specific activating motifs in p110*, basal Akt activity was marginally enhanced. We hypothesize that in the absence of CSF-1, the level of PI3-kinase products generated by p110* was not sufficient to induce significant downstream effects, but added to that provoked by CSF-1 resulted in augmented PI3-kinase signaling. The mitogenic-promoting effect of p110* was completely reversed by wortmannin, a PI3-kinase inhibitor ( Figure 3d ) and by LY294002 (not shown), demonstrating that the DKI rescue was owing to enhanced PI3-kinase activity. Thus, increasing CSF-1-induced PI3-kinase/Akt activity, in the context of other CSF-1-dependent pathways, is sufficient to substantially restore mitogenesis to DKI cells.
Active Akt partially but significantly recapitulates p110*'s ability to restore mitogenesis to DKI Akt is a major PI3-kinase effector. We asked if active Akt could rescue the mitogenic defect of DKI cells. The E40K mutation in the pleckstrin homology domain enhances the affinity for PIP 3 while retaining growth factor inducibility. 28 DKI cells were retrovirally transduced with pMSCV-IRES-GFP vectors encoding WT-Akt, E40K-Akt or a kinase-dead (K179M) Akt, and GFP-positive mass populations isolated by cell sorting. We compared the activation of targets downstream of PI3-kinase/ Akt in p110*-and E40K-expressing cells. DKI/E40K cells showed a small increase in basal Forkhead phosphorylation and enhanced and sustained levels upon CSF-1 stimulation (Figure 3e) . Moreover, the levels were similar in DKI/p110* and DKI/E40K cells. E40K similarly enhanced GSK3 phosphorylation, another well-characterized downstream target of Akt, but did not affect basal or CSF-1-induced Erk phosphorylation. In terms of long-term growth, MTS activity, cell number increases and cell viability of DKI/E40K cells were 450% of that measured for DKI/p110* cells during the first few days of culture in CSF-1. Notably, the difference between the two cell lines became more prominent after longer periods in culture ( Figure 3f ). It is possible that there are Akt targets other than Forkhead and GSK3 that are more strongly activated by p110* compared to E40K. Additionally, we cannot exclude involvement of a PI3-kinase-dependent but Akt-independent pathway. K179M-Akt expression in DKI cells accelerated cell death, supporting the data in Figure 3c that the residual PI3-kinase activity in DKI cells is still important for cell proliferation and survival.
Caspase inhibition or Bcl-x L overexpression corrects the apoptotic but not mitogenic defect of DKI cells
Compared to WT cells, DKI cells in the presence of CSF-1 undergo accelerated apoptosis (Figure 1c) . Although DNA fragmentation is thought to be mediated by caspase-3-like activities, in CSF-1-supported DKI cells, surprisingly, we detected only trace levels of active caspase-3 and cleaved PARP, a caspase substrate. This is most likely because of protection by the Erk and PI3-kinase pathways (Supplemental Figure S4 ). The data, therefore, suggest that even low levels of caspase activity can induce DNA fragmentation. In support of this, treatment with a broad-spectrum caspase inhibitor, z-VAD-fmk, reduced DNA fragmentation by 80% in both starved and CSF-1-treated DKI cells (Figure 4a, left) . However z-VAD-fmk had no effect on CSF-1-mediated MTS metabolism (Figure 4a , right), indicating that caspasemediated apoptosis is probably not the cause of death of DKI cells. Myeloid cells including 32D have large numbers of azurophilic granules filled with proteases that are also secreted, necessitating the use of higher than normal doses 29 Aside from caspases, we cannot exclude that other cysteine proteases may also be inhibited.
Bcl-x L -overexpressing factor-dependent cell lines are used extensively to analyze cytokine deprivation-induced death. 30 It has been suggested that the life-and-death problem can be considered as a balance between the levels of prosurvival and proapoptotic proteins. To further investigate whether apoptosis contributed to the death of DKI cells, we retrovirally transduced DKI cells with Bcl-x L . Bcl-x L overexpression did not grossly perturb normal growth as parental DKI and DKI/Bcl-x L cells were similar in their abilities to proliferate in IL-3 (not shown). The viability of Bcl-x L cells was high ( Figure 4b, right) ; however, CSF-1-dependent MTS activity was not enhanced over that observed in parental or vector-control DKI cells (Figure 4b,  left) . In support of the conclusion that Bcl-2 or Bcl-x L expression is unlikely to underlie the mitogenic defect, no difference was observed in the levels of these proteins in CSF-1-treated WT or DKI cells (Supplemental Figure S5a) . Microscopic studies revealed a few cells (both viable and dead) present in long-term DKI/Bcl-x L cultures, with the viable cells appearing smaller than those in the WT and DKI/p110* cultures (Figure 4c ). To quantify this difference in cell size, forward light scatter was obtained by flow cytometry on unfixed cells after 48 h in culture. As shown (Figure 4d 
CSF-1-stimulated mitogenesis is dependent on glycolysis
In addition to cell size differences, significant MTS activity was only seen in CSF-1-treated DKI cells expressing p110* or E40K but not Bcl-x L . Although the MTS assay is frequently used to monitor proliferation, MTS reduction depends on cellular NADH-and NADPH-dependent dehydrogenases and is an indicator of cellular redox state and metabolic function. 31, 32 Thus, the difference between DKI/p110* and DKI/ E40K on the one hand, and DKI/Bcl-x L on the other, may be in the metabolic state of the cells. Importantly, overexpression of a constitutively active Akt has been reported to stimulate glycolysis 33 and CSF-1 stimulates glucose uptake in macrophages. 34 We investigated the role of glucose metabolism in mediating CSF-1-dependent proliferation and survival. In fibroblasts, Akt could prevent apoptosis in the presence of the glucose analog, 2-deoxy-glucose (2-DG). 35 2-DG is phosphorylated by HK, but is not metabolized further in the glycolytic pathway. We found that 2-DG rapidly reduced the viability of DKI/p110* cells when cultured in CSF-1 (Figure 5a ), indicating that glucose metabolism, not simply glucose phosphorylation, is required. Consistently, a 100-fold reduction in glucose prevented CSF-1 from supporting the long-term proliferation and viability of DKI/p110* cells (Figure 5b ). Very similar results were obtained for WT cell (data not shown). In contrast, Bcl-x L overexpression inhibited the death of DKI/Bcl-x L cells in the presence of CSF-1 and 2-DG, but did not promote proliferation (Figure 5a ). This observation supports the conclusion that Bcl-x L protects against cell death via a mechanism that is independent of glycolysis and that the initial CSF-1-supported proliferation of DKI/Bcl-x L cells requires glycolysis. To test if metabolic fuels for Krebs-cycle-dependent mitochondrial ATP production could substitute for glucose, we added methyl pyruvate, a membrane-permeant ester of pyruvate, or aketoisocaproic acid, which is sequentially degraded in the mitochondria to acetyl Co-A. Neither compound substituted for glucose (Figure 5b ). MTS activity correlated more closely with glucose metabolism than mitochondrial events as cells cultured in 0.11 mM glucose showed minimal MTS reduction regardless of availability of mitochondrial substrates.
Recent studies showed that 3-bromopyruvic acid (BrPA), a structural analog of pyruvate/lactate, can potently inhibit HK and deplete ATP 36 at concentrations of 30-300 mM. We found that even 25 mM of BrPA had a profound effect on proliferation and survival, with DKI/p110* and DKI/E40K cells exhibiting twice the sensitivity compared to WT cells (Figure 5c , left 2 panels). This observation supports a prominent role for glycolysis in mediating the rescue by p110* and E40K. Similar to the effect of 2-DG, DKI/Bcl-x L cells were significantly more resistant to the death-inducing effect of BrPA (Figure 5c , right 2 panels). We next examined lactate production. IL-3-dependent cell lines derive their ATP from aerobic glycolysis with lactate as the end product. 37 CSF-1-stimulated lactate production in WT cells and less so in DKI cells (Figure 5d ).
Lactate production in DKI cells was restored upon expression of either p110* or E40K, but not Bcl-x L , indicating that inhibiting cell death with Bcl-x L did not prevent the metabolic arrest associated with the DKI phenotype.
The role of HK in CSF-1-mediated mitogenic signaling
Glucose is phosphorylated by HK, the first enzyme of glycolysis. Upregulation of HKII and other glycolytic enzymes are responsible for the highly glycolytic phenotype of malignant tumors. 38 Moreover, growth factor deprivation in T cells downregulates HKII mRNA. 39 We determined if CSF-1 regulates total cellular HK activity (Figure 6a, top) . In WT cells, CSF-1 increased HK activity by 29%, comparable to numbers reported for other growth factors (20-50%). 40 A similar enhancement was seen in p110* and E40K, but not in DKI cells. Basal HK activity in p110* and E40K cells showed a small but statistically significant increase compared to WT cells. Constitutively active Akt has been shown to maintain HK association with mitochondria 13, 35 and disruption of this interaction is sufficient to induce cytochrome c release and apoptosis. 41 Mitochondria (P10) were isolated from starved and CSF-1-treated 32D clones and HK activities determined in solubilized P10 and S10 fractions (Figure 6a, bottom) . Similar to what was observed previously, 35, 41 12-15% of total cellular HK activity was localized to the mitochondria. Overall, HK activities in the individual fractions tracked that observed in total cell lysates. p110* and E40K expression increased mitochondrial-associated HK activity by 33 and 19%, respectively, over that seen in DKI cells under growth factor-deprived conditions. These increases were less but of the same order of magnitude as those reported for MyrAkt. 35 Whereas mitochondrial HK activity appears to be independent of IL-3 in T cells expressing MyrAkt, 42 CSF-1 treatment had an additional and substantial effect, consistent with the finding that CSF-1 further stimulated Akt activity in DKI/p110* and DKI/E40K cells ( Figure 3e ).
As HKII is the isoform which is growth factor regulated, we determined HKII protein levels. CSF-1 induces HKII expression in a PI3-kinase-dependent manner (Figure 6b ). Consistent with the HK activity data, HKII was minimally increased in DKI and substantially restored in p110*. We next determined if the PI3-kinase/Akt pathway has a similar effect on HKII in primary cells. We isolated bone marrow progenitors from mice and differentiated them into BMMs. Similar to what was observed in 32D cells, CSF-1-stimulated lactate production and HKII expression were shown to be partially dependent on PI3-kinase activity (Figure 6c ). To examine if HKII expression is transcriptionally regulated by PI3-kinase, we utilized an HKII reporter (HK-luc). Hepatoma cell lines are known to have high glycolytic rates. 38 In Hep3B cells, p110* induced an almost four-fold increase in HK luciferase activity (Figure 6d) . Surprisingly, in the same experiment, E40K had minimal effects (negative results not shown). Thus, PI3-kinase could transcriptionally upregulate HKII expression.
Next, we tested the hypothesis that reduced HKII expression and activity may contribute to the DKI phenotype. Mass populations of DKI cells stably transfected with HKII were tested for their ability to grow in CSF-1: after 3 days, 50% of HKII cells were viable compared to 15% of parental DKI cells and 92% of p110* cells (Figure 6e) . MTS reduction and cell density paralleled viabilities. Without CSF-1, exogenous HKII had no effect (data not shown), indicating that CSF-1-dependent signals are still essential. We had earlier observed that when 2-DG was substituted for glucose, CSF-1 was unable to support the proliferation and survival of WT and DKI/ p110* cells (Figure 5a and data not shown) . Here, we examined if overexpression of HKII could bypass the glycolytic block. Figure 6f shows that HKII overexpression delayed cell death in the presence of 2-DG but both DKI and DKI/HK cells were dead by 48 h. Thus, CSF-1-dependent proliferation of DKI/HK is dependent on glycolysis. However, Figure 5a and b. Shown are the means7S.D. of duplicates in media containing reduced (0.11 mM) glucose, the difference in proliferation between DKI and DKI/HK cells was more pronounced compared to normal (11 mM) glucose, consistent with DKI/HK cells being better able to support glycolysis.
Discussion
Rapidly proliferating cells such as myeloid progenitors and functionally active, nondividing cells such as BMMs and neutrophils exhibit high metabolic rates and undergo aerobic glycolysis. 43 Recent studies point to a prominent connection between growth factor signaling and metabolic control. CSF-1's physiological role is to maintain the monocyte/macrophage compartment. CSF-1R activation initiates a complex signaling program, culminating in proliferation, growth, survival and, in some cases, differentiation. Although it has been suggested that PI3-kinase is involved in mediating CSF-1 survival, how PI3-kinase accomplishes this function is unknown; nor is it known if other pathways such as the Stats contribute, and if these pathways are linked to metabolism. In response to CSF-1, the DKI receptor showed absent Stat3 phosphorylation and reduced but still significant PI3-kinase activity; activation of Erk, JNK, Rac, Stat5, p70 S6K and 4E-BP1 is intact. CSF-1 engaged DKI to initiate DNA synthesis; this did not result in long-term proliferation and the defect was not rescued by blocking apoptosis. Whereas Stat3 did not appear to play a critical role in CSF-1-stimulated mitogenesis, PI3-kinase and, to a lesser extent, Erk were essential for a maximal response. Importantly, robust PI3-kinase signaling was required for CSF-1-dependent mitogenesis, one effect of which was to maintain adequate glycolysis via the induction and activation of glycolytic enzymes, such as HKII. We also demonstrate that the PI3-kinase/Akt pathway can regulate HKII transcriptionally. Our studies of the DKI mutant provide a clear example of the importance of maintaining metabolic homeostasis, revealed in settings where apoptosis is significantly suppressed by growth factor signals, as in the case of DKI, or where apoptosis is essentially eliminated as when Bcl-x L is overexpressed.
Although the DKI receptor failed to provide sufficient PI3-kinase signaling for a full, CSF-1 mitogenic response, the reduced level of PI3-kinase activation was still important as PI3-kinase inhibitors significantly prevented the proliferation and survival of DKI cells. The possibility that a threshold level of PI3-kinase signaling is necessary for mitogenesis implies that different PI3-kinase-dependent pathways may require different PI3-kinase signal intensities for activation. This hypothesis is consistent with the observation that PIP 3 binds to its substrates -proteins with pleckstrin homology domains -with varying affinities and specificities. 44 Our findings with p110* demonstrated that PI3-kinase activation alone does not substitute for growth factor action. Similarly, in fibroblasts, activation of myristoylated p110 (Myrp110) is sufficient to induce short-term DNA synthesis only, as cells succumb to apoptosis in the absence of serum. 26 In T cells, Myrp110 cannot stimulate proliferation unless in combination with other signals such as Stat5. 45 Our results showed that CSF-1-dependent mitogenesis required the collaboration of both the Erk and PI3-kinase pathways. Although Akt is a major PI3-kinase target, it is possible that Akt activation is not equivalent to the activation of PI3-kinase. A previous study had shown that E40K and MyrAkt exerted very similar effects on pro-B-cell survival. 46 In contrast, we found that E40K, despite being expressed at high levels, was not as effective as p110* in correcting the CSF-1 mitogenic defect present in 32D-DKI cells. As GSK3 and FKHRL1 are phosphorylated equivalently downstream of cells expressing either p110* or E40K, there is a potential role for Akt-independent mechanisms. PI3-kinase-dependent but Akt-independent pathways have been implicated in various scenarios: for example, in mammary tumorigenesis, Myrp110 but not MyrAkt promotes proliferation in low serum. 47 There is strong evidence in the literature linking the PI3-kinase pathway to p70s6K and 4E-BP1 via TSC1/2 and mTOR, and their phosphorylation is markedly increased in PTEN-deficient cells. Yet, CSF-1-provoked phosphorylation of these two proteins as assayed by gel mobility shifts was not noticeably affected in DKI cells (Supplemental Figure S2) , implying that maximal activation of mTOR does not require maximal activation of PI3-kinase. However, both p760s6K and 4E-BP1 are phosphorylated at multiple sites and we cannot completely exclude the possibility that individual sites may be differentially phosphorylated in WT or DKI cells. Nevertheless, the absence of a significant reduction in p70s6K and 4E-BP1 phosphorylation in response to CSF-1 in DKI cells compared to WT cells suggests that abnormal mTOR-regulated protein translation is not the cause of the DKI mitogenic defect.
The 50% reduction in CSF-1-provoked DNA synthesis observed in DKI cells compared to WT cells was not owing to failure in G 1 cyclin or c-myc induction or in the repression of p21
Cip1 and p27 Kip1 levels (Supplemental Figure S5 ). Given that cell cycle progression and cell growth are coordinated events, we suggest that defective glycolysis and hence cell growth may contribute to the block in S-phase entry. Glucosedependent control of G 1 /S entry has been proposed. 48 Glycolysis generates ATP and in rapidly proliferating myeloid cells, glycolysis rather than oxidative phosphorylation is the main source of ATP. 37 Glycolysis also provides intermediates for the biosynthesis of purines, pyrimidines, some amino acids and phospholipids. As well, glucose-6-phosphate produced by HK serves as the substrate for the pentose phosphate pathway that produces NADPH, the main regulator of the cell's redox potential.
In 32D cells, glucose metabolism plays a key role in supporting CSF-1-mediated proliferation/survival since glucose deprivation or inhibition of glycolysis markedly reduced cell proliferation and viability, not corrected by the inclusion of pure mitochondrial fuels. Five lines of evidence support a metabolic contribution to the rescue of the DKI death phenotype by p110* or E40K. First, MTS reduction, which is a measure of cellular dehydrogenase activity rather than viability per se, correlated with CSF-1-dependent growth and proliferation. This conclusion is based on the observation that although cells expressing either p110* or Bcl-x L demonstrated high viabilities in the presence of CSF-1, only those expressing p110* showed high MTS activity and restored proliferation (Figure 4b) . Second, compared to WT cells, DKI cells expressing p110* or E40K were more sensitive to BrPA, a glycolytic inhibitor (Figure 5c ). Third, lactate production, a direct measure of glycolytic function in 32D cells, also paralleled cell growth and proliferation (Figure 5d ). Fourth, glucose reduction has a more noticeable effect on the proliferation and survival of DKI cells (Figure 6f ) compared to DKI/p110* cells (Figure 5b) , consistent with DKI/p110* cells having more of a glycolytic reserve than DKI cells. Lastly, CSF-1-induced HK activity was diminished in DKI cells compared to WT cells and restored by p110* (Figure 6a ). Previous studies showed that enforced overexpression of MyrAkt in B cells was completely protective against cell death induced by IL-3 withdrawl and that this was dependent on glucose availability. 42 When a signaling pathway is dysregulated, such as from chronic Akt activation owing to MyrAkt overexpression, cells can become addicted to the growth/ survival effects conferred by the pathway and exhibit hypersensitivity to inhibition of that pathway. Our results extend the observations made with MyrAkt to more physiologic situations such as the DKI receptor where growth factor signaling and feedback mechanisms remain largely intact. We demonstrate that a modest reduction in the activity of the PI3-kinase/Akt pathway can have an impact on the glycolytic pathway and this can be reversed by an equally modest increase in PI3-kinase/Akt activity, although the effects on proliferation/survival appeared to be quite profound.
Our findings are reminiscent of earlier reports showing that growth factor deprivation in T cells can lead to a decrease in cell size owing to diminished nutrient utilization, not corrected by Bcl-x L expression. 30 Thus, our data are consistent with a metabolic defect in DKI cells, accentuated by Bcl-x L expression. In the case of T-cell neglect, removal of growth factor presumably inactivates most promitogenic signaling pathways. In contrast, several important signaling pathways were still active in DKI cells cultured in CSF-1 (Figure 2 and Supplemental Figures S2 and S3 ), but apparently their collaboration with Bcl-x L was not sufficient to rescue mitogenesis. The death-suppressing effect of Bcl-x L occurred in a glycolysis-independent manner as the majority of DKI/Bclx L cells remained viable in the presence of 2-DG or BrPA. However, 2-DG and BrPA prevented CSF-1-mediated proliferation of these cells, supporting our conclusion that defective metabolism underlies the reduced ability of the DKI receptor to support long-term proliferation. Previously, Bcl-x L was found to protect against IL-3-withdrawal-induced cell death under reduced glucose conditions. 30 We now extend these findings to show that Bcl-x L is protective even when glycolysis is blocked by 2-DG. It is possible that 2-DG-6-phosphate produced by HK-mediated phosphorylation of 2-DG can enter the pentose phosphate shunt and allow NADPH recycling, 49 thereby maintaining a reduced cellular state and contributing towards cell survival.
In this study, we also provide evidence showing that the PI3-kinase pathway regulates HKII. In myeloid progenitors and BMMs, CSF-1 maintained HKII protein levels in a PI3-kinase-dependent manner, and in hepatoma cells, p110* transactivated an HKII promoter reporter. Notably, E40K was unable to do so, suggesting that the effect of PI3-kinase is mediated via an Akt-independent pathway. Pedersen et al. 50 showed that members of the Sp and CREB families bind to the HKII promoter in hepatoma cells and, in insulin-responsive tissues, SREBP-1 also appears to be a regulator. 51 Whether these transcriptional factors provide a link to PI3-kinase remains to be determined.
HK overexpression protects against cell death induced by growth factor withdrawal/UV 35 or oxidants. 40 In agreement, HKII overexpression in DKI cells, in collaboration with CSF-1, increased MTS activity and cell viability. Compared to p110*, HKII overexpression was only partially effective. One possible explanation is that aside from HKII, PI3-kinase regulates glucose uptake and other enzymes of the glycolytic pathway. For example, PFK2/fructose 2,6-bisphosphatase is both transcriptionally regulated by PI3-kinase and phosphorylated by Akt. 52 In addition, PI3-kinase is implicated in insulinmediated activation of pyruvate kinase. 53 Thus, it appears that PI3-kinase can target glycolysis at multiple points to increase flux.
In summary, our study demonstrates that, in the context of growth factor action, depending on the strength of the induced signal, PI3-kinase can have important, differential effects on downstream pathways. This conclusion may have bearing when considering the phenotypes of tumors with constitutive PI3-kinase activation. For example, PTEN is altered at high frequencies in human cancers, resulting in varying degrees of inactivation. Based on our findings, we hypothesize that depending on the degree of PTEN inactivation, different tumors can exhibit differences in cell survival and glycolytic rates. Loss of PTEN also enhances expression of hypoxiainducible factor-1a, which induces many genes, including glycolytic enzymes, providing another link between PI3-kinase and glycolysis. Thus, consistent with previous suggestions, PI3-kinase activity may contribute to the 'Warburg effect' (aerobic glycolysis) of human cancers. 12 
Materials and Methods

Materials and cell culture
Unless stated otherwise, all chemicals were from Sigma-Aldrich and cell culture reagents from Invitrogen. The 32D clones expressing WT or DKI-CSF-1R (WT#1 #2, DKI#1, #2) have been described and were maintained in RPMI 1640 with 10% FBS and 5% WEHI-conditioned medium. 10 They will be referred to as WT or DKI clones. CSF-1 (Genetics Institute) was used at 10 nM and IL-3 (BD Biosciences or PeproTech) at 10 ng/ml. Glucose-free medium containing 2 mM L-glutamine and dialyzed FBS (Hyclone) was used for glucose-deprivation experiments, with the desired concentrations of glucose or other metabolic fuels. BrPA was prepared fresh as a 25 mM stock solution in PBS and titrated to pH 7 before use.
Murine BMM isolation and culture
Bone marrow progenitors flushed from the femurs and tibias of 3-to 5-week-old C3H/HeN mice (Harlan) were plated in aMEM with 15% FBS, 2 mM glutamine, 12 ng/ml rhCSF-1 and 15 ng/ml rmIL-3. After 24 h, nonadherent cells were collected and layered on a Ficoll-Hypaque gradient. Cells from the interface were plated in the same medium containing 120 ng/ml rCSF-1 but no IL-3. Fresh CSF-1 was added every second day and the medium replaced on the day before starvation. Day 7 macrophages were used for all experiments.
Plasmids, transfections and retroviral transductions
Stable DKI cell lines expressing p110* were established by electroporation with pCG-p110* and hygromycin selection. Stable DKI cell lines expressing HKII or constitutively active Stat3C 24 were derived by electroporation with pEFIRES-p 54 plasmids and mass populations selected in 1 mg/ml of puromycin. Transient transfections were performed using Lipofectamine 2000 (Invitrogen). WT-Akt, K179M-Akt and E40K-Akt constructs were in pCMV6. For retroviral transductions, cDNAs encoding Akt or Bcl-x L in pMSCV-IRES-GFP were transiently transfected into BOSC23 cells. Supernatants were used to infect two clones of DKI. GFPpositive cells were sorted by FACS (BD Vantage SE) 72 h after infection. The luciferase reporter was driven by the 4.3 kb rat HKII promoter (HKluc). Hep3B cells were transiently transfected with 0.5 mg each of HK-luc and either pcDNA or p110* together with 5 ng of pRL-TK. Cells were placed in glucose-free medium supplemented with 0.1% FBS, 1 mM sodium pyruvate and 5 mM glucose for 24 h before assaying for luciferase reporter activity using the Dual Luciferase Assay kit (Promega).
Proliferation assays
Cell culture experiments were performed in triplicate. Cells were washed three times in RPMI/2% FBS before seeding into RPMI/10% FBS alone, or with CSF-1 or IL-3. Proliferation was determined by cell counting using a hemocytometer and the MTS tetrazolium assay (Promega CellTiter 96t). Viability was assessed by Trypan Blue exclusion. In inhibitor studies, cells were pretreated with PD98059 (Cell Signaling), wortmannin (Sigma) or LY294002 (BioMol) for 1 h and the volume of diluent (DMSO) equalized in all samples. In growth studies, wortmannin was added every 2 day owing to its instability. For cell cycle analysis, cells were fixed in ethanol and incubated with 50 mg/ml propidium iodide and 50 mg/ml RNAse A followed by analysis on a FACScalibur flow cytometer (BD Biosciences). BrdU uptake was measured by FACS (FITC BrdU Flow kit, BD Biosciences).
Apoptosis assays
DNA fragmentation was detected by an ELISA assay that quantifies cytosolic histone-associated DNA fragments (Roche Diagnostics). Annexin-V-FITC-stained cells were analyzed by FACS (BD Biosciences).
Protein analysis
Cells were deprived of serum and growth factors before stimulation and lysis in LB (20 mM Tris, pH 7.4, 2 mM EDTA, 100 mM NaCl, 50 mM NaF, 50 mM b-glycerophosphate, 1% NP40, 10% glycerol, 1 mM dithiothreitol) with 1 mM Na 3 VO 4 and protease inhibitors. Western blotting was performed as described previously. 10 Blots were developed by ECL (Amersham). Multiple exposures for each blot were obtained and quantified in the linear range by densitometry. 10 Antibodies against bactin, Akt1, HKII, p110a and Stat3 were from Santa Cruz Biotechnology. Phospho-specific antibodies were from Cell Signaling Technology.
Mitochondria preparation
Cells were cultured for 16 h in the absence or presence of CSF-1. Typically, between 4 Â 10 7 and 1 Â 10 8 cells were used for each condition. Cells were washed twice in PBS, resuspended in MIB (200 mM mannitol, 70 mM sucrose, 1 mM EGTA, 10 mM HEPES, pH 7.4 supplemented with protease inhibitors) at 8 Â 10 7 cells/ml and incubated on ice for 15 min. Cells were homogenized by 50 up-and-down strokes of a 2 ml Dounce homogenizer (Wheaton) followed by 20 passages through a 26 G needle. Nuclei and unbroken cells were removed by centrifugation at 800 Â g for 10 min. The supernatant was centrifuged at the same settings to remove residual debris and the cleared supernatant was then centrifuged at 10 000 Â g for 20 min. The pellet (P10) was used as the heavy membrane fraction and solubilized in lysis buffer. The supernatant (S10) was similarly solubilized. All operations were performed at 41.
L-Lactate measurements
Lactate in the culture medium was measured as described 37 using a kit (Sigma, 826-UV).
HK activity
HK activity in 150 mg of cell lysates or 10 mg of solubilized P10 containing mitochondria was performed using a standard glucose-6-phosphate dehydrogenase (G6PD) coupled assay as described. 40 One unit is the amount of activity that results in the coupled formation of 1 mmol of NADPH/min at 251C in the presence of glucose, G6PD, b-NADP and ATP.
Statistical analysis
P-values were obtained using the Student's two-sided t-test.
